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A review of the progress of electric motors and generators, 


from early experimental machines to present-day power plant, with a 


study of prototype motors now being developed. 
Only a few of the outstanding personalities 
whose efforts laid the foundations of the electrical power industry 
have been mentioned. Limitations of space preclude a full 
biographical treatment of the subject. 


Pinchin Johnson & Co. gratefully acknowledge the guidance and help given to them 
and to the author of this paper, Dr. E. Kuffel by the following :— 


PROF. E. BRADSHAW, ELECTRICAL ENGINEERING DEPARTMENT, 
MANCHESTER COLLEGE OF SCIENCE AND TECHNOLOGY 


DR. E. R. LAITHWAITE, MANCHESTER UNIVERSITY 


PROF. J. GREIG, ELECTRICAL ENGINEERING DEPARTMENT, 
KINGS COLLEGE, UNIVERSITY OF LONDON 


MISS M. K. WESTON AND MR. J. E. SMART, SCIENCE MUSEUM, LONDON 


and the following organisations:— 

ELECTRICAL ENGINEERING DEPARTMENT, MANCHESTER UNIVERSITY 
ASSOCIATED ELECTRICAL INDUSTRIES (MANCHESTER) LTD. 
ASSOCIATED ELECTRICAL INDUSTRIES (WOOLWICH) LTD. 
CROMPTON PARKINSON LTD. 

FERRANTI LTD., MATHER & PLATT LTD., C. A. PARSONS & Co. LTD. 





a Se ein 














a ne TN Ss ees = 








The Origin of the Electro-magnetic Machine 


In 1820 Oersted noticed that a compass needle was 
deflected when placed near an electric current, and then 
demonstrated the converse effect, the deflection of an 
electric current by a magnet. A year later, as a result of 
Oersted’s discoveries, Faraday invented the first “d.c. 
motor’, producing the continuous motion of a current- 
carrying conductor placed in a magnetic field. 

The reverse process, that is generation of electric 
current in conductors by moving them in magnetic 
fields, was discovered exactly a decade later, again by 
Faraday. 

In the subsequent two decades several types of motors 
were invented in this country, on the continent and in 
America; but as long as the source of current was limited 
to batteries the electric motor remained uneconomical 


in comparison with the steam engine. 

Early dynamos employed permanent magnets as ro- 
tors. Fig. 1. shows the magneto-electric machine of 
Pixii, (constructed in 1832), which is probably the 
earliest of its type. The crank is used to impart motion 
to a magnet fastened to the top of the upright shaft by 
means of bevel gear wheels. The changes of magnetism 
produced in the core of the electromagnet induce cur- 
rents in the wire coils which are then conducted to the 
commutator by the wires shown alongside the frame. 
(Note the simplest type of commutator, making two 
changes in direction of current for each revolution.) 

In order to increase the output the general technique 
was to increase the number of permanent magnets and 


the number of coils. 


Arrival of the Practical Electro-magnetic Machine 


A GREAT ADVANCE in the construction of electrical 
machines was the introduction by Siemens (1856) of 
an armature which was positioned between poles of 
permanent magnets. 

In its original form the armature consisted of a cyl- 
inder of soft iron with grooves in opposite sides 
wound with insulated wires. The magnets had to be 
long compared with their cross-section in order to be 
reasonably permanent. An example of Siemens’ 
earliest machine is given in Fig. 2. Note the length of 
the upright permanent magnets. Later (1871) Siemens 
introduced wooden drum armatures overlaid with iron 
wires which were an expanded type of Gramme ring, 
discussed later. 

A revolutionary step forward in the field of magneto- 


electric machinery was the replacement of permanent 
magnets by an electromagnet (Siemens, 1866, and in- 
dependently by Wheatstone). In the earliest form the 
electromagnets consisted of one or more horse-shoes of 
soft iron surrounded by insulated wire, and the armature 
consisted of soft iron with insulated wires and a com- 
mutator. A further advance was made by Wilde who 
for the first time introduced the idea of an exciter 
(1866). His machine consisted of two Siemens arm- 
atures. The current from the first armature was con- 
ducted through the coils of the larger electromagnet 
and the current from the second was used for electric 
lighting. 

By 1870 it was realised that the magneto-electric 
machine was fully reversible, capable of transforming 






































Fig. 1 Pixii’s generator (1832) 


Fig. 2 Siemens’ dynamo (1856) 
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Fig. 3 Gramme’s ring (1870) 





Fig. 4 Crompton’s generator (1883) 
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mechanical power into electrical and vice versa, and the 
electric motor began to be carefully studied. 

Gramme (1870), a Belgian working in France, intro- 
duced the direct current machine with his famous ring, 
reproduced in Fig. 3. The latter consisted of soft iron 
wires wound on a mould into a ring to serve as a core. 
On this core separate sections of copper wire were 


wound. The end of each coil and the beginning of the 
next one were connected to one another and to an 
insulated radial piece of copper (R), which formed one 
bar of the collector. A great number of Gramme’s 
machines was made, varying from small laboratory 
machines with permanent magnets, to large machines 


absorbing 30 to 40 H.P. 


The Dawn of Electric Lighting 


AtrHoucu the brightness of an electric arc discharge 
was demonstrated as early as 1808 (Sir Humphrey 
Davy), the arc was not seriously considered as a source 
of illumination until the advent of the dynamo. 

By the middle of the 1870’s, illumination by electric 
arcs was well established and the scope of electric light- 
ing was rapidly growing. Public supply did not exist 
then, and every lighting installation was independent. 
In 1880 a number of British and continental theatres 
and opera houses already possessed plants for electrical 
lighting, generally driven by steam engines. In France, 
Gramme type dynamos were the most popular, while 
in Britain, the Siemens and the Wheatstone machines 
predominated. At the same time Crompton of Chelms- 
ford started manufacturing complete electric plants 
together with self-regulating arc lamps. 

Meanwhile, Swan, experimenting with carbon fila- 
ment lamps since 1860, brought the incandescent lamp 
to a practical stage. Concurrently, Edison, working 
independently in America, solved the problem of ‘sub- 
dividing the electric light’ by the employment of 
incandescent lamps in parallel. 

The leading personalities in the then young electrical 
industry quickly realised the vast potentialities of electric 
power and concentrated on development of new genera- 
tors. The problems of design were complicated by the 
scarcity of electrical knowledge. Phenomena such as 


current, voltage and resistance were known but had no 
accepted standards. Formulae for calculation did not 
exist and design problems had to be solved by trial and 
error. In 1881, at an international conference in Paris, 
the definitions of Ampere for current, Volt for electro- 
motive force, Watt for energy, and Ohm for resistance, 
were established. 


By that time several young enthusiasts had already 
succeeded in establishing their authority on electrical 
engineering matters. The pioneering work on electrical 
machines included the names of Siemens, Hopkinson, 
Crompton, Edison, Ferranti and many others. In 
1883 Crompton brought out his famous “heavy- 
current” generator which remained in operation for 
many years to come. ‘he outstanding feature of that 
generator, reproduced in Fig. 4., was the combination 
of series and shunt field windings, thus originating the 
compound wound machine. The magnets were made 
of very soft Swedish wrought iron. ‘The armature was 
a single ring of an elongated cylindrical pattern and its 
coils were wound upon an iron core made up of discs 
of very thin, soft iron fixed upon a central spindle by 
means of short arms. 


With the advent of the incandescent filament lamp 
the prospect of lighting houses, shops and streets 
increased. By that time it was already realised that the 





































Fig.7 Parsons’ high-voltage conductor bar 
showing method of jointing conductors and 
end windings (1928) 


Fig. 8 Armature of Ferrantt 
alternator (1880) 
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weight and enabled the magnets to be brought to- 
gether. The increased efficiency of the new machine 
was aided by the abolition of the commutator. ‘he new 
alternator gave five times as much light as machines of 
the same size at that time. (Note—the output was then 
estimated by the number of lamps a machine could 
conveniently supply). 

Besides improving generating plant Ferranti 
designed transformers of various sizes. 

He suggested the principle that power should be 
generated on, a big scale, outside the great centres, 
where land was cheap and water and coal easily available. 
Soon the installation of the first large-scale power 
station started at Deptford Works and was successfully 
completed in 1888, with Ferranti wholly responsible 
for the design and construction. Machines of 10,000 
horsepower, completely unfamiliar in those days, were 
installed, with the system operating at 10,000 volts. 


The Age of Electrutty 


By THE END OF THE CENTURY electric lighting was 
already a commercial success, though still on a small 
scale. A number of factories had electric lights and had 
changed to electric motors. The coal mining industry 
was first to realise the advantages of electricity, for 
lighting and power. The demands for electric power 
were growing rapidly; but the lines along which pro- 
gress would take place were not clearly evident. ‘he 
system of the 3-phase turbo-alternators producing high 
voltage for transformation in the central stations, al- 
though strongly advocated, was by no means unique. 
Direct current systems with storage batteries were 
equally common. 








The high-voltage line used for transmission consisted 
of concentric copper tubes separated with paper in- 
sulation, the outside being again insulated and the 
whole inserted in an iron tube. The mains were laid 
down in 20 ft. lengths. 

In 1884, Parsons, engaged in the development of 
steam turbines, constructed the first turbo-generator, 
with a power output of 74 k.W. at 18,000 r.p.m. and 
by 1891 Parsons was supplying turbo-alternators of 
100 k.W. output, incoporating turbines fitted with 
condensers. | 

About the same time, 1887/88, two-phase and 
three-phase alternators and induction motors were 
patented by Tesla, thus inaugurating polyphase elec- 
trical engineering, and three years later, three-phase 
overhead electric transmission was installed between 
Laufen and Frankfurt, a distance of 110 mules, 
utilizing oil cooled transformers for the first time. 


By 1910 the general pattern of the future electrical 
machines had been set. The introduction of interpoles 
about 1905 solved a number of commutation problems. 

‘In the field of electrical generators the constantly 
increasing demand for power called for machines of 
larger output and improved efficiency. The driving 
power was generally obtained by means of steam and 
hydraulic turbines. The latter were first introduced in 
1891 in the Frankfurt Lauten transmission. 

The parallel development of direct and the alter- 
nating current generating stations, which continued up 


~ to the period of 1914 lead to much confusion. 


In 1918 a co-ordinating body was established to 
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organise electricity supply, by centralising generating 
stations in a limited number of areas, all of which would 
be connected by a common high-voltage grid system. 
The task was tremendous, and the progress was com- 
plicated by the differences in the systems of supply. An 
example shows how bad the conditions were; in the 
Greater London area alone in 1921, there were over 
eighty separate supply authorities with seventy different 
generating stations. In the same area there were fifty 
different systems of supply operating at twenty-four 
different voltages and ten different frequencies. 


Subsequent developments generally favoured a.c. 
systems and, for economic reasons, generating stations 
were usually erected on sites where coal was cheap and 
where an abundant water supply was available. This 
meant that power had to be transmitted over long 
distances and therefore at high voltage. 


The general practice was to step up the voltage by 
means of a transformer situated in the generating 
station. 


An alternative method was to generate the high 
voltage by means of specially designed alternators. 
Several manufacturers specialised in the development 
of these, notably C. A. Parsons & Co. Ltd., who, in 
1928, placed in operation a turbo-alternator, generating 
at 36,000 volts. The special feature of this generator 
was that its conductors were arranged concentrically 
and thus permitted the generation of high voltage with- 
out exceeding the stress involved in a machine of normal 
voltage. Part of such a concentric conductor 1s shown 
in Fig. 7. One of the factors which sets a limit to the 
output of a large machine is the highest permissible 
working temperature. Excessive heat will cause deteri- 
oration of the insulation. Manufacturers of insulating 


materials have produced products capable of with- 


standing greatly increased temperatures, but cooling 
remains one of the most important problems in the 
development of large generators. In the case of small 
alternators, for many years, the practice was to fit fans 
at the ends of the rotors which caused air-flow through 
the gap between the rotor and the stator. Since the 
1930’s there has been ay increased tendency to cool 
large machines with hydrogen, because of its much 
greater thermal conductivity compared with air. 


Returning to earlier motors of the twentieth century, 
the induction motor came into general use at the very 
beginning and different sizes and different types of 
direct and induction motors appeared. Up to about 
1920 the general characteristics remained unaltered. 
A typical example is shown in Fig. 9. which isa Mather 
and Platt 1912 motor of 44-b.h.p., 440 volts. The 


machine is already fitted with interpoles. It has a cast 


steel frame and a directed ventilation system, with a 
fan and enclosing cover at the driving end. 


The next example, shown in Fig. 10. is an enclosed 
ventilated d.c. motor of 1923, 5-h.p. Crompton type, 
much reduced in size. It is a 4-pole shunt-wound 


machine, fitted with interpoles, and a drum-wound | 


armature. 


Finally, Fig. 11 shows a model of a modern Water- 
wheel generator, one of the six, 16-MW _ generators 
put into service in 1960 in the new McKay Creek 
Hydro-electric power station on Kiewa River, Victoria, 
Australia, by Associated Electrical Industries Ltd., 
Heavy Plant Division. Water for the turbines is con- 
veyed through three miles of tunnel, then by surface 
pipeline and finally through a 630-feet steel lined 
pressure tunnel. The turbines work under a head of 
more than 1,700 ft. 





Fig. 9 Mather S Platt motor (1912) 


Fig. 10 Crompton’s d.c. motor (1923) 
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Fig. 14 Floating Plate Machine 


Lhe Brushless Vartable-Speed Induction Motor 


A NEW SERIES OF MoTors recently developed by Pro- 
fessor F. C. Williams and his collaborators, which at 
present are still in the experimental stage, are the 


variable-speed linear induction motors.!: 2: 


The new motors are based on the principle that a _ 


piece of conducting material, placed in a varying mag- 
netic field, can be caused to move at a speed in excess 
of the speed of the field, by constraining it to move at 
an angle to the direction of motion of the field. 

The simplest example would be a conducting sheet 
threaded by a magnetic field. If the sheet were allowed 
to move parallel to the field, it would assume a velocity 
equal to that of the field, which is the principle of the 
squirrel-cage induction motor. If the sheet 1s now con- 
strained so that it can move only in its own plane, and 
in a direction making an angle with the direction of 
motion of the field, then the sheet is found to travel at 
speeds in excess of the speed of the field. 

The disadvantages of the conventional squirrel-cage 
induction motor is that it 1s essentially a constant speed 
motor. To obtain variable speed motors, two lines of 
research have been explored; pole changing, and draw- 
ing power from, or injecting power into, the rotor. 
The first yields a small number of discrete speeds, 
whereas the second may give continuous speed variation 
but at the cost of substituting a wound rotor and a 
commutator or slip-ring. 

The new method has some relation to the pole- 
changing method but it does not involve any mechanical 
separation of the poles or switching of windings; there 
are no switches and no rubbing contacts. 

Several types of motors based on the new principle 


have already been successfully developed, the first of 
the series, shown in Fig. 12. being the spherical motor 
This is a brushless variable speed motor in which speed 
change 1s effected by changing the angle between the 
direction of movement of the magnetic field and that 
of the rotor. ) | 

This involves the use of spherical surfaces for both 
rotor and stator, and the rotor contains conductors in 
two directions in the form of a conductor “grid’’. In 
Fig. 13. 1s shown another type of the same series of 
motors, referred to as logmotor. This is a continuously 
variable-speed induction motor in which the phase of 
the current in each slot of the stator can be continuously 
changed in an organised manner by means of a phase 
shifting transformer. The polyphase primary winding 
of the phase shifter is so arranged that successive pole- 
pitches around the periphery form a logarithmic 
sequence. ‘l"he secondary winding of the phase shifter 
consists of single conductors in slots, all connected to a 
common ring at one end. Again the slotting is arranged 
in a logarithmic sequence. The free ends of the con- 
ductors are connected to free ends of a set of conductors 
in the slots of the motor stator, the other ends of which 
are connected to a common ring. ‘Thus the primary and 
the secondary windings of the phase shifter are arranged 
like the C and D scales on a slide-rule, so that the move- 


ment of one relative to the other produces a different 


'F. C: Williams, E.-R. Laithwaite,’ L; F: Piggott, 
Proceedings 1.E.E.,Vol. roqA,-Page-102; * | 

*F, C. Williams, E. R. Laithwaite, J. F. Eastham, 
L. F.. Piggott,:.Journal..of the I.E.E.,- Vol. 7, 
Jats 1901; ‘Page 25. 
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Fig. 12 Spherical induction motor 


Fig. 11 Waterwheel generator model (1960) 





se ___~ 











— 


ESTE 





AS ee 


ee 





ee 


| 


Fig. 13 The Logmotor 


Fig. 13a Exploded view of the Logmotor 
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pole-pitch on the motor stator, thereby changing the 


speed of the field. Finally Fig. 14. shows yet another 


unconventional induction motor. This merely consists 


of a floating metallic plate suspended in air by induction 


effect from a pair of coils carrying current in antiphase. 
Stability for different sizes of plates is achieved by 
adjustment of the relative magnitudes of the current 
in the two coils. 


Development of Electrical Insulating Materials 


by D. C. Raine and K. O. Jones, Pinchin Fohnson Insulating Varnish Laboratory 


Tur pesicn and application of electrical insulating 
materials of today has progressed far beyond the simple 
requirements demanded by the electro magnetic appa- 
ratus and machines of the early half of the nineteenth 
century. The prime need was, as now, to prevent the 


leakage of current, either between turns of wire in a 


coil, or conducting leads to Earth. 

Michael Faraday employed calico and twine to in- 
sulate turns of copper wire in his iron ring experiment 
in 1831; Francis Ronalds used glass tubing for insu- 
lating underground conductors in his “static” telegraph 
experiments in 1816, and William Fothergill Cooke, 
together with Charles Wheatstone used wires embedded 
in timber and treated with tar for the buried “cables” 
of the first inland telegraph system in 1837/38. 

The treatment of copper wire with cotton and silk, 
became established in 1835; coil cheeks and terminal 
blocks of wood; sealing wax, fibrous paper, waxed 
twine, gutta percha and soft rubber were considered to 
be the normal insulating materials in the 1860’s and 
indeed until the close of the century. Pitch covered 


calico tape for finishing coils, ozokerite, impregnated 


paper, mica, resinous oils, fibre sheet, shellac, ebonite, 
braided cottons, porcelain and glass had come in to 
general use by 1goo. An interesting side light on the 
various impregnants for cotton covered wire was one 


named “Underwriters Wire” which was a double- 
cotton covered type treated with zinc chloride. How- 
ever it had such an affinity for water when used under 
conditions of high humidity that it was speedily 
renamed “Undertakers Wire’’! 

Double-silk or cotton-covered wire was treated with 
shellac or asphaltum varnish to resist the action of 
moisture, wound coils were saturated in linseed oil, or 
dipped in natural resin varnishes, such as copal varnish. 
Baking varnishes were a natural development and 
vacuum baking was used in 1905, as well as con- 
ventional stoving methods. 

Oil resin varnish applied as a baked film on copper 
wire made its appearance in the electrical industry, as 
well as varnished bleached cotton cloth or drill. 

The insulating of electrical machinery had now be- 
come a specialised section of the industry and manu- 
facturers were able to turn to the varnish chemist for 
advice, and supply, of their requirements. Synthetic 
materials were discovered that possessed advantages over 


the natural resin: the first impact of this was felt when 


Leo Hendrick Baekeland turned his attention to the 
process of condensing phenol and formaldehyde, result- 
ing in production of the first thermosetting resins 
suitable for insulating varnishes, which were followed 


by the moulded products of powder loaded phenolics. 
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The position that insulation held in relation to the 
electrical industry was now changing rapidly. No longer 
was the engineer limited to the resources of his own 
workshop, but he could leave the development of 
suitable varnishes and materials to manufacturers who 
specialised in these products. 


Pinchin Johnson & Co., were quick to realise the 
importance of this new field and produced their own 
improved types of oleoresinous impregnating varnishes, 
wire enamels, bonding varnishes and coatings for in- 
sulating cloth and tape. It says much for the quality of 
these materials that some of them have survived and are 
in use to this day. In general, however, the demand of 
the industry for more rapid production, for increased 
power output from smaller machines, for higher 
voltages and for machines which would maintain their 
efficiency when running at higher temperatures, has 
been met by the introduction of synthetically produced 
substrates, impregnants and coatings. 


Alkyd resins were developed from 1927 onwards and 
speedily found use as impregnating varnishes, and as 
coatings for insulating cloth and sleeving. 


Oil modified phenolic thermosetting impregnating 
varnishes with excellent penetrating properties at high 
solid content which could be cured in depth in the 


“most complex windings, followed. The commercial 


production of new fibres such as Nylon and ‘Terylene 


LZ 


and the increased use of woven glass fabrics have 
created new problems for the resin and varnish chemist, 
and the last ten or fifteen years have seen the industrial 
development of many materials which were formerly 
only of academic interest. Polyvinyl chloride (P.V.C.), 
polyurethane, polyester, polystyrene, epoxy and poly- 
amide, are among a host of materials which have been 
utilised for insulation in their respective fields. The 
silicones and P.T.F.E. (polytetrafluoroethylene) have 
answered the demand for machines capable of running 
at very high temperatures. British standard specifica- 
tions are inexistence for vinyl-, acetal-, polyester-, and 
polyurethane-, covered wires, and epoxy, acrylic, and 
silicone enamels are being used in increasing quantities. 
Potting resins based on polyesters, or epoxy resins have 
been produced which enable windings to be com- 
pletely encased, and so prevent attack by moisture, 
chemical fumes and strong solvents. ‘he phenomenal 
progress made by the radio and television industries has 
called for many specialised products from the varnish 
manufacturer. 


The advent of what we are apt to call the Atomic 
Age brings new requirements of insulating materials, 
that are being met by new formulae and methods as 
the demand arises. Now, more than ever, the develop- 
ment of insulating varnishes, enamels compounds, 
and related materials, requires the co-operation of 
engineers and chemists. 
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